In this paper the synthesis and solid state characterization of the donor-acceptor (D-A) complex between 2-aminobenzothiazole (ABT) and N- [(2-oxo-2H-1-benzopyran-3-yl)carboxyl]phenethylamide is reported. A comparison is performed with other aminobenzothiazole-coumarin complexes reported earlier and the results are analyzed in the context of crystal engineering. A common feature of these structures is the presence of a building block formed by pair-wise self complementary NH···N interactions between two molecules of ABT, defining an R 2 2 (8) motif. The complete three-dimensional supramolecular arrangement is achieved by both strong (NH···O) and weak (CH···X, X = O, aryl) H-bonding interactions which define an A···D···D'···A' hydrogen bonded tetrameric unit, which packs through π-stacking interactions. The resulting donor-acceptor assemblies present two patterns of alternated stacking: D-A and D-A-A'-D'. Finally, the factors ruling the supramolecular isomerism exhibited by these complexes and the nature of the interactions are discussed and supported by ab initio theoretical calculations.
Introduction
The design of supramolecular structures using crystal engineering involves molecules as building blocks and intermolecular non-covalent interactions as driving, directional and cohesive forces. 1 Thereby, conventional hydrogen bonding has been recognized long ago as being of fundamental importance in determining the supramolecular arrangement in organic solids. 2 Less explored are elastase 10 and α chymotrypsin. 11 Coumarins are known to bind to a wide variety of macromolecules, however, so far little is known about the forces that dominate the molecular recognition interactions involved. The ability to predict a crystal structure on the basis of a molecular structure has been very useful for the control of solid-state reactivity. In this sense the topochemistry of coumarins photodimerization has been controlled by the formation of a supramolecular aggregate between these molecules and β-cyclodextrins.
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In a previous publication it has been demonstrated that 3-carboxy coumarins self associate through π-stacking interactions. 13 In this work the supramolecular structure of the title complex
3, formed between 2-aminobenzothiazole 1 as donor and N-[(2-oxo-2H-1-benzopyran-3-
yl)carboxyl]phenethylamide 2a as acceptor, is reported. Because of the structural similarities between 1 and certain natural bases found in DNA (A, G and C have exo-NH 2 groups and N atoms and/or NH units in their ring systems), the study of the supramolecular unit present in the lattice studied herein could be an aid for the better understanding of the intermolecular forces, which direct the molecular recognition of coumarin derivatives in the cell active sites. 
Results and Discussion
Electronic spectrum Upon combination of the colorless molecules 1 and 2a the yellow donor-acceptor complex 3 is formed. A change in color is generally in accordance with donor-acceptor associations (D-A). 15 However, a more conclusive evidence is given by the charge transfer band measured at 406 nm in the solid phase, which was obtained by digital subtraction from the electronic spectra of the individual components.
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Crystal structure of complex 3 The supramolecular structure of complex 3 is depicted in Figure 1 , where the synperiplanar conformation between the double bond and the carboxyamido carbonyl of the acceptor molecule can be appreciated (C4⎯C3⎯C11⎯O11 torsion angle of 2.1(3)º). This conformation is presumably imposed by the N12⎯H···O2 hydrogen bonding interaction, whose graph set descriptor corresponds to an S(6) intramolecular ring. The geometry of the hydrogen bonding interactions are listed in Table 1 . The graph set notation G a d (G = S for intramolecular rings, R for rings, C for chains and D for discrete patterns; a = number of acceptors, d = number of donors involved in H-bonding and n = number of atoms in the pattern) is used to describe the Hbonding patterns reported in this paper. 17 The donor and acceptor molecules are associated through N22⎯H···O11 hydrogen bonding interactions. Besides, two donor molecules form an R The donor-acceptor interactions arise out of the crystal packing of this H-bonded pseudotetramer, to form the D-A complex shown in Figure 2 . The donor and acceptor molecules are rotated by 49º between each other (Figure 2a ) in relation to their long axes (C22-C26 and C2-C6, respectively). This conformation generates a tilt between the donor and acceptor molecular planes of approximately 11º in order to avoid the steric crowding caused by the larger sized sulphur atom. The mean interplanar distance between both molecules is 3.5±0.2 Å, in agreement between the aromatic-donor ring Cg(2) and the lactone-acceptor ring Cg(3) of 3.513(1) Å is very close to the interplanar distance of 3.34 Å (see the previous structure block for ring numbering), resembling an almost face-to-face approach between these rings. In contrast, the intercentroid and interplanar distances as well as the interplanar angle γ for the Cg(1)-Cg(3) and Cg(2)-Cg(4) interactions lie in the range corresponding to parallel displaced (pd) π-stacking interactions 18 ( Figure 2b , Table 2 ). 
Bz for benzene ring. Symmetry codes:
Furthermore, two acceptor molecules are associated in an anti-tail-to-tail orientation through pd-π-stacking interactions between Cg(3) and Cg(4) ( Table 2 ). This arrangement is frequently observed for the self association of 3-carboxycoumarins. 13 The A-A´ π-assembly formed ( Figure   3a ), is also associated through C6⎯H···Ph interactions 19 ( Table 1) . The angle between the phenethyl and coumarin ring mean planes is close to 93º providing the length and flexibility required for this interaction to occur. Molecules of 2a are interlinked through C4⎯H···O2 and C5⎯H···O1 interactions (Table 1) and both develop C(5) chain motifs to form tapes that run along the parallel [033] planes (Figure 3b ). This complex crystallizes with 0.5 equivalents of benzene which also appear CH/π associated (Table 1) . Thus, the alternated D-A-A'-D' π-stacked assembly shown in Figure 4 is observed, which can be described as a host-guest complex composed of A-A' π-stacked homodimers intercalated between two layers of discrete H-bonded D···D' homodimers. A common feature present in the three structures is the presence of the H-bonded D···D' dimer as building block, which is formed by pair-wise self complementary N⎯H···N interactions constituting an R 2 2 (8) motif. This D···D' dimer is rather robust, since it has been observed in the crystal structure of free 2-aminobenzothiazole 22a as well as in its molecular complexes with HMPA 22b and dimethylpropyleneurea. 22c Its robustness is only disturbed by strong H-bonding interactions mainly with carboxylic acids, in most cases involving proton transfer from the carboxylic acid to the pyridine like nitrogen of the donor molecule. 22d-f Therefore, is not surprising that the D···D' H-bonded dimer is preserved in complexes 3-5. This dimer is Hbonded with acceptor molecules 2a-c to form the characteristic A···D···D'···A' tetramer found in these complexes. The conformation between both carbonyl groups in the acceptor molecule has a determinant influence on both the twist angle between the donor and acceptor stacking and in the alternated stacking pattern observed. The antiperiplanar conformation between the two carbonyl groups in acceptors 2a-b favors a small twist angle (by 50º) between the π-stacked donor and acceptor, the D-A-A'-D' alternated stacking and the propagation of the intermolecular A···A H-bonding interactions along the a direction through a C(5) chain motif. In contrast, the synperiplanar conformation of 2c imposes a wide twist angle (111º) as well as the alternated D-A π-stacking.
Finally, the capability of the acceptor to self associate has an effect on the observed alternated stacking pattern. The acceptors 2a and 2b, bearing a pendant phenethyl or benzyl group, are self associated through T-shaped interactions 19 or through Ph-Ph π-stacking interactions, respectively, thereby favoring the alternated D-A-A'-D' π-stacking pattern observed in complexes 3 and 4. In contrast, the alternated D-A π-stacking pattern is exhibited by complex 5, in which the possibility intermolecular H-bonding of 2c is missing.
Theoretical calculations.
In order to gain more insight into the nature of the π-stacking interactions 23 involved in the formation of the supramolecular complexes analyzed herein, ab initio molecular orbital calculations at HF/6-31++G level of theory were performed for donor 1, 3-carboxy amidocoumarin (3CA), as a model of acceptors 2a-b, and for acceptor 2c. The atomic charges were obtained according to the Merz-Kollman-Singh scheme ( Figure 5 ) and the energies of the frontier orbitals, dipole moment and polarizabilities are listed in Table 3 . The donor molecule 1 presents strong positive charges for atoms C2 and C8 and strong negative charges for the two nitrogen atoms, whereas the coumarin-acceptors exhibit an alternated charge pattern in the lactone ring. These results are in agreement with low field 13 C-NMR chemical shift measurements for these atoms in solution. 24 The acceptor capability of 2a-c becomes evident upon comparison of the energies of their frontier MO with the energies of the frontier MO of donor 1. Both the HOMO and LUMO energies of coumarins 2a-c are more negative than those corresponding to compound 1. In addition, the acceptor molecules possess the larger dipole moments as well as the largest polarizabilities. Accordingly to the theoretical calculations the association between molecules 1 and 2a-c seems to be favored by dispersion and charge transfer contributions. The repulsive and attractive electrostatic terms coming from different parts of the molecules compensate each other, leading to a more prominent participation of the overlap-dependent dispersion attraction. In contrast, the attractive electrostatic interactions appear to play a more important role in the self association between coumarins 2b-c to form the π-stacked homodimers A-A'. These results are in agreement with those found by theoretical calculations for DNA-intercalators 25a and DNA base pairs. 25b It should be pointed out that, for all complexes studied herein, the shortest intercentroid distance corresponds to the interaction between the coumarin-lactone ring and the donor-benzenoid ring, furthermore, the mean interplanar distance between these two rings seems to define the magnitude of the CT interaction (3.50(3) Å and 399 nm, 3.5(2) Å and 406 nm, and 3.38(8) Å and 423 nm for the mean interplanar D-A distance and CTλ max of complexes 3, 4 and 5, respectively), in agreement with the results found in non heterocyclic D-A complexes. 15 The structural similarities between the H-bonded ABT-dimer and natural DNA base pairs, could help to explain the teratogen 26 and cytotoxic 27 activities as well as gene mutation protection activity 28 of several coumarin derivatives.
Conclusions
In summary, the molecular recognition found between 2-aminobenzothiazole 1 and the 3-carboxy coumarin derivatives 2a-c opens new possibilities for crystal engineering of related solid structures and can be used as a model to study the interplay between H-bonding and π-stacking interactions in molecular recognition processes. The π-stacking patterns found in the donoracceptor complexes studied herein are of the D-A and D-A-A'-D' type, whereas the three dimensional supramolecular arrangement is achieved by both strong (N⎯H···O) and weak (C⎯H···X, X = O, aryl) H-bonding interactions, which define an A···D···D'···A' tetrameric unit among other supramolecular units. The supramolecular isomerism exhibited by these complexes depends on: (i) the robustness of the H-bonded donor-dimer, (ii) the conformation between the two carbonyl groups of coumarin-molecules and (iii) their self association capability.
Experimental Section
General Procedures. Melting point was measured on an Electrothermal IA 9100 apparatus and is uncorrected. IR spectrum was recorded in KBr disc using a Perkin-Elmer 16F PC IR spectrophotometer. 1 X-ray structure of 3. The X-ray data were measured on a Bruker Apex diffractometer with a CCD area detector using graphite-monochromated Mo K α radiation (0.71073 Å). A total of 2424 frames (complete sphere) were collected via ω-rotation (∆/ω = 0.3º) at 10 s per frame (program Smart). 29 The measured intensities were reduced to F 2 and corrected for absorption with SADABS (program SAINT-NT). 30 The cell parameters were determined by using reflections from all frames collected. The molecular structure was resolved by direct methods (SHELXS-86). 31 The WinGX (version 1.64.03a) 32 software package was used for refinement and data
output. The refinement was based on full-matrix least-squares methods, with anisotropic displacement parameters for all non-H atoms. Hydrogen atoms were fixed and refined using the riding model. The analysis of short contacts was realized using the PLATON 33 program.
Crystal data for 3 with ≈ 0.5 equivalents of C 6 H 6 . CCDC no. Theoretical calculations. The structure of compounds 1, 3-carboxy amidocoumarin (as model for 2a-b) and 2c were optimized using the HF 6-31G basis set. The optimized geometries were found in close approach to the experimental crystal data. Thereafter, single point calculations at the HF 6-31++G basis set were performed on the optimized structures to obtain the polarizability and potential-derived charges using the Merz-Kollman-Singh scheme. All calculations were done using the Gaussian98 program. C NMR δ (ppm) (primes for ABT): 166.4 (C-2'), 161.0 (C-11), 160.4 (C-2), 153.9 (C-9), 152.8 (C-9'), 147.5 (C-4), 138.1 (Ci), 134.1 (C-7), 130.9 (C-8'), 130.3 (C-5), 128.7 (Co), 128.4 (Cm), 126.2 (Cp), 125.4 (C-5'), 125.1 (C-6), 120.8 (C-7'), 120.8 (C-6'), 118.8 (C-3), 118.4 (C-10), 117.1 (C-4'), 116.1 (C-8), 40.7 (NCH 2 ), 34.9 (CH 2 Ph).
